Introduction
In certain austenitic steels, the drastic Influence of martensitic transforma tion on their mechanical properties Is well established. The structural and kinetic features of martensitic transformation have been of great interest In relation to the strengthening behaviour of alloys. Therefore, many studies have been carried out on this aspect of phase transformation in various metals and steels (1*20) . Most of the current investigations have drawn the attention to the fcc to hcp martensitic transformation because It Is associated with a rather simple transformation mode as compared with those for fcc to bcc trans* formations and other more complex transformations. Numerous approaches have been used to establish mechanisms of the fcc to hep martensitic transformation, especially concerning nucleatlon mechanisms of martensite or the formation of martensite's embryos (1) (2) (3) (4) (5) (21) (22) (23) (24) (25) (26) (27) .
As for fcc to hep martensitic transformations, the nucleation of hcp platelets has been suggested to occur due to overlapping of stacking faults, such nuclea tlon is accelerated by the low stacking fault energy (6) (7) (8) . Therefore, it has been pointed out that stacking faults In an fcc austenite play an important role in this phase transformation. However, the relationship between stacking faults and the formation mechanism of hcp phase is still unclear. The following two overlapping processes of stacking faults are expected to occur: a) regular, and b) irregular overlapping of stacking faults. Most of the present models support that the fcc to hcp transformation occurs through regular overlapping process of stacking faults (the former category), i.e. the stacking faults are formed on every other close packed plane (4, 5, 23) .
Martensitic transformation in the fcc austenitic alloys can be affected by the application of stress, plastic strain and deformation (5-8, 12, 14, 28-34) . It is reported that the strain-induced martensitic transformation is identical with the thermally induced martensitic transformation, including the transfor mation temperature, the morphology (appearance of the Interphase boundaries) as well as the volume fraction of transformed martensite.
Although the spontaneous fcc to hcp transformation in Co-Cr-Mo surgical implant alloy introduced by various heat treatment schemes has been studied by many authors (16) (17) (18) (19) (20) , no publications seem to have dealt with the strain-induced fcc to hcp phase transformation in this alloy system. Moreover, It has been shown that Co-Cr-Mo alloy has a rather low value of the Intrinsic stacking fault energy which facilitates the formation of high density of stacking faults and promotes strain-induced martensitic transformation. It also has been shown that In Co-base alloys, the Intrinsic stacking fault energy was strongly dependent upon composition (35) , as in some other alloy systems (36) .
The purpose of this paper is to give a fuller account of the experimental results in the cast Co-Cr-Mo alloy and to discuss the influence of the stacking fault energy on the strain-induced fcc to hcp martensitic transformation by means of alloying the base alloy with nickel addition at various levels. The influence of the phase transformation on the fatigue behaviour, especially the fatigue fracture feature, of the cast Co-Cr-Mo alloy is also discussed. Fatigue testing is conducted using an Instron testing machine (Model-1342) at room temperature, 10 Hz and load ratio R » 0.1 with a stress intensity factor range, AK, between about 20 and 50 MPaJm. Constant-load-amplitude fatigue crack growth rates (38) are determined using standard three-point bend specimens (39) with S • 64 mm, W -16 mm, B » 8 mm and a total specimen length L -80 mm, machined from the original castings.
After fatigue testing, the spocimons are sectioned beneath the fracture surface for transmission electron microscopy studies. Transmission electron microscopy is performed using disc-shaped specimens of 3 mm in diameter. on an ooi on an ooi
Results and Discussion
By TEH examinations and selected-area electron diffraction analysis, it is revealed that the localized fcc to hcp transformed martensites in the thin layers close to the fracture surface of fatigued specimens can be observed only in the materials of Alloy No.l and No.4 as listed in Table 1 , corresponding to the base alloy and the modified alloy with no nickel addition. This could be interpreted in terms of the offects of stacking fault energy (chemical composi tion) on the fcc to hcp martensitic transformation.
Plate-like structure of cyclic strain-induced martensite in Fig.l shows a typical example of c-phase plates. The classical orientation relationship between austenite matrix and hcp martensite, i.e. (111)( C cIH 0001 )hcp an< * <lTo>f cc |<1120> hcp , is indicated by the corresponding selected-area electron diffraction pattern which is included in Fig. 1 . The presence of streaks in the SADP lying in direction in the basal plane of the c-crystal structure results from the small dimension of the parallel thin c-phase lamellae on the basal plane {0001) hcp . transformation. If Shockley partial dislocations form and extend on every other layer in austenite, the stacking faults would pile up to form hcp cphase. It is possible in the thermally Induced transformation of fcc to hcp that the cooperative movements of all types of partial dislocations with different Burgers vectors of type 1/6<112> on the (lll)f cc could be carried into execution. When the e-phase is strain-induced, dislocation motion is governed by the critical resolved shear stress as determined by geometrical considerations Including the applied stress axis. Therefore, it seems very likely that only a single type of partial dislocation is active in a given slip system, resulting in the phase transformation taking place only on the plane where the critical resolved shear stress condition is met.
The fcc to hep transformation is favoured to develop at stacking fault intersection sites where a higher local strain could be provided. In this case, it is possible for the transformation to occur on more than one (lll}f cc planes. Martensitic transformation nucleated by stacking fault intersections in the base alloy is shown in Fig. 3 to 5. Fig. 3 shows a transformed region with plate-like structure along two directions taken by the incident beam direction along [1011]^c p . Plate-like structure in direction A in Fig. 4 , is a fully transformed plate, while in direction B only partly developed. It is noted that the microstructure of c-crystals at the intersection sites shows a rather highly distorted appearance of the interphase boundaries related to a large accommodation strain at the intersection nodes. A dark field image of hcp reflection with T" [lOlOJ is shown in Fig. 5 . It is seen in this micrograph that a narrow branch structure (marked M) is also already transformed to thin c-phase crystals. The fcc to hcp martensitic transformation is also observed in the modified alloy with no nickel addition (Alloy Mo.4). TEM micrographs of fcc + hcp mixed structure in this alloy are shown in Fig.6 and Fig.7 . In Fig.6 , a microstructure with parallel c-plates surrounded by the fcc matrix with high density of stack ing faults is seen. Plate-like structure, running from the lower right to the upper left side in Fig. 7 , are the thin c-phase plates. The band-structure in the lower left region is identified as overlapping stacking faults.
Observations of microstructures of the modified alloys with nickel additions (Alloy Ho.2, 3, 5, and 6) by transmission electron microscopy reveal that there are no cyclic strain-induced fcc to hcp martensitic transformation taking place in the fatigue tested specimens. In all cases, only a high density of stacking faults and the intersections of stacking faults can be observed. The structure of overlapping stacking faults, which can be considered as to be precursors to hcp formation, is seldom seen in these alloys. A TEM micrograph of the alloy 5 with 4.5\wt nickel addition after fatigue tested is shown in Fig. 8 , in which a typical stacking fault intersection structure as frequently observed in the cast Co-Cr-Mo alloy is illustrated. Similar microstructures are observed in other alloys with nickel additions up to about 10%wt.
It is well known that regions of hcp martensite can be formed by intrinsic faulting on every alternate (111) plane in the fcc lattice, as suggested by most of the models. Therefore, the fcc and hep structures are interrelated, each being obtained by an appropriate stacking sequence of close packed planes of atoms, and the fcc/hcp boundaries are generally planar with matching close packed planes at the long straight interfaces and are coherent in nature. The The morphology of the interphase boundaries of the fcc to hcp transformation nucleated at the stacking fault intersection sites is different from that of the long straight plate-like structure. It may be concluded that the fcc/hcp boundaries at the intersection nodes are semi-coherent or incoherent considering the existence of a large accommodation strain, as seen in Fig. 3 and 4 .
As mentioned above, from the crystallographic point of view, fcc to hcp trans formation occurs when the overlapping of stacking faults are formed on the {lll)f cc slip planes and two processes are expected for the overlapping of stacking faults: a) regular, and b) irregular overlapping process.
If the hcp crystals are formed by the regular overlapping process, it is expect ed that they will have the characteristics as following: The hep plates seldom include stacking faults. Because of the constraint caused by the surrounding matrix, stacking faults in this case are rarely induced in hcp crystals. More over, even at the early stage of formation, diffraction spots of hep crystal appear at the expected sites. However, if the hep crystals are formed by the irregular overlapping process, they will have the following characteristics: The plates contain a large number of stacking faults in general. In addition, diffraction spots from the fcc matrix are broadened into streaks at first and then pronounced intensity maxima appear on these streaks. These intensity maxima change gradually to regular diffraction spots of the hep crystal.
The experimental results of the present study, both the examinations of struc tural morphology of the transformed c-phase and the SADP diffraction analysis.
confirm that the hcp phase induced by cyclic strain in the fatigued Co-Cr-Mo alloys show the features of the regular overlapping process. Stacking faults inside the transformed c-plates are seldom seen in all of these figures. And in all cases, diffraction spots from the transformed hcp martensite can be seen clearly at their expected sites, as shown in Fig. 1 and Fig. 5 . Therefore, it is considered that the strain-induced hcp martensite in cast Co-Cr-Mo alloys is formed by the regular overlapping process, namely the stacking faults are regularly formed on every second layer of (111) slip planes in the fcc matrix.
The fcc to hcp martensitic transformation is affected significantly by stacking fault energy. Remy et al (7) (8) reported that for stacking fault energy values approximately less than IS ergs/cm 2 the fcc to hcp martensitic transformation could be induced by plastic deformation at room temperature. A higher stacking fault energy value leads to the formation of twins. The base Co-Cr-Mo alloy has a very low stacking fault energy value (about 2 ergs/cm 2 ) (19) which facilitates the strain induced fcc to hcp transformation during fatigue. In Tisone's investigation (35) , it is reported that the stacking fault energy of Co-base alloy is strongly dependent on alloy's composition, especially nickel content. For an alloy with about 60\at cobalt, its stacking fault energy can be increased dramatically by nickel additions in a range up to about 25%at. In the present study, it is found that the strain induced fcc to hcp martensitic trans formation does not occur in the modified alloys with nickel additions of about 4.5%wt and 9.S%wt respectively. This result is consistent with and mainly caused by the effects of nickel additions on the alloy's stacking fault energy.
The strain-induced fcc to hcp martensitic transformation has a considerable influence on the mechanical behaviour of the cast Co-Cr-Mo alloys. Although the (111) fcc faceted fractures have been found to be the dominant fatigue fracture feature in cast Co-Cr-Mo alloy tested at room temperature (37), localized hcp martensite plane faceted fractures on the (OC01) hcp basal planes introduced by the strain-induced martensitic transformation are also observed. An improved fatigue property with lower fatigue crack growth rates combined with much better ductility of a mixed fatigue crack mode is obtained by the study of alloying the base alloy with nickel, partly because of the effects of nickel on the alloy's stacking fault energy and furthermore on the strain-induced fcc to hcp transformation. Additionally, it is also found that the fcc to hcp transfor mation affects the cyclic strain hardening behaviour of the cast Co-Cr-Mo alloy. The result of microhardness measurements proved the presence of a reversed cyclic plastic 2one within the monotonic plastic zone as predicted by Rice (40) . The reversed cyclic plastic zone is corresponding to the thin layer close to the crack plane where the strain-induced fee to hcp transformation takes place. This has been discussed in a separate paper. Conclusions 1 By transmission electron microscopy study, it is found that the cyclic strain during fatigue at room temperature causes an initial martensitic transformation from fcc phase to a heavily faulted hcp structure in the base cast Co-Cr-Mo alloy and its modified version with no nickel addition. No such transformation has been observed in the modified alloys with nickel additions about 4.5%wt and 9.5%wt respectively.
According to the results of the present study, the strain-induced c-crystals in the cast Co-Cr-Mo alloy are considered to be formed by the regular overlap ping process of stacking faults on every second layer of (111) slip planes in the fcc matrix. A characteristic fcc/hcp orientation relationship involving a parallelism between close-packed planes and directions is observed as: <lll> fcc ||(0001) hcp and <110> fcc ||<1120> hcp .
A low stacking fault energy facilitates the strain-induced fcc to hcp martensitic transformation in the cast Co-Cr-Mo alloy. Effects of nickel additions on the martensitic transformation are mainly caused by the fact that the stacking fault energy of this Co-base alloy is strongly dependent upon nickel content.
The strain induced fcc to hcp martensitic transformation in the cast Co-Cr-Mo alloy affects the fatigue behaviour, especially the fatigue fracture feature. It helps to strengthen the alloy but also lowers its ductility.
